Abstract: Nonlinear femtosecond pulse propagation in all-solid photonic bandgap fiber is investigated experimentally and numerically for both the photonic bandgap guiding in the central silica core and the total internal reflection in germanium doped inclusions.
Introduction
Since its first experimental demonstration [1] , the new configuration of photonic bandgap fibers consisting in a lowindex glass core surrounded by a microstructured cladding composed of high-index silica-doped rods, has been a subject of intense design investigation [2, 3] . These all-solid photonic bandgap fibers (SBF) present some of the main advantages of conventional optical fibers, namely their easy fabrication and splicing compared to hollow core fibers. Efforts are now focusing on developing and customizing their unusual spectral and dispersive properties required for various applications, such as Bragg gratings and fiber lasers [4] .
Here, we investigate nonlinear pulse propagation in all-solid photonic bandgap fiber, using near-infrared femtosecond pumping, arising from both the photonic bandgap (PBG) guiding in the central silica core and the total internal reflection (TIR) in germanium doped inclusions. We report the different mechanisms of the spectral broadening process and underline the control of generated supercontinuum bandwidth by using PBG guiding.
Fiber properties
The scanning electron microscope (SEM) image of our SBF is shown in Fig. 1(a) . This fiber has a silica core surrounded by 9 rings of Ge-doped inclusions. These inclusions have a parabolic profile with a maximum refractive index difference Δn = 0.03 and a diameter d = 3.29 µm, the picth being 4.82 µm. We modeled the studied SBF using the finite element method with perfectly matched layer absorbing boundary conditions method to determine the frequency position of bandgaps. Three bandgaps are revealed by our calculations, in particular a second bandgap is centered at 780 nm, which is well-suitable for near-infrared pumping. Figure 1(b) shows the effective index of the fundamental mode calculated for the 2 nd bandgap and the transmission spectrum obtained by butt-coupling a supercontinuum source to 1 m of our SBF. It confirms the existence of the 2 nd bandgap and is in good agreement with our simulations. Figures 1(c) and (d) show the wavelength-dependent parameters calculated for the fundamental core mode in the second bandgap, such as dispersion, loss and effective area. As expected, such fibers have discrete transmission bands which exhibit strong dispersion slope, in particular, our 2 nd bandgap exhibits a zero dispersion near the center of the transmission band, i.e., at 790 nm. 
Nonlinear pulse propagation
Here, we experimentally and numerically investigate femtosecond pulse propagation in both the fiber silica core thanks to PBG guiding and the Ge-doped inclusions arising from TIR. The source is a Ti:Sapphire laser (Mira Coherent) delivering 200-fs FWHM pulses into the wavelength range 750-900 nm. The fiber length used in our experiment is 1 m. Figure 2(a) shows the imaged near field mode profile when light propagates into the silica core. Spectra recorded for increasing input peak powers (at λ pump = 785 nm ~ experimental ZDW) are shown in Fig. 2(b) , and reveal typical soliton dynamics in the anomalous dispersion regime, i.e., their self-frequency shift induced by intrapulse Raman scattering. Moreover, by pumping close to the ZDW, the significant third order dispersion affects soliton propagation, i.e., one can find resonance conditions at which solitons are phase-matched to dispersive waves in the normal dispersion regime. These processes are known to play a key role in supercontinuum generation in optical fibers [5] . We have verified that we are not able to extend this continuum over the transmission band 725-850 nm (see Fig. 1(b) ), whatever higher power or pump wavelength we select, due to spectral filtering induced by PBG guiding. The induced losses stabilize the frequency shift of solitons at the long-wavelength edge of PBG.
Next, by coupling the light into the Ge-doped inclusions, we also observe a large spectral broadening around the pump. However, spectral dynamics significantly differ due to the different guiding mechanism occuring in these doped regions, leading in particular to tight mode confinement (γ~30 W -1 .km -1
) and large normal dispersion (D~-120 ps/km/nm) in the wavelength range studied. Figure 2(d) shows the imaged near field mode profile when light propagates into a Ge-doped inclusion. We recorded several spectra for increasing input peak powers, as shown in Fig. 2(e) . Here, we note that the spectral broadening does not depend on PBG effects, but its efficiency is less apparent for similar input power than previously, caused by the strong dispersion. No soliton dynamics occur due to the normal dispersion and the spectral broadening only results from self-phase modulation and the optical wavebreaking effect, which is characterized by the generation of significant spectral wings. All these spectral behaviors have been confirmed by our numerical simulations of nonlinear pulse propagation based on the generalized nonlinear Schrödinger equation (GNLSE) [5] , including the global characteristics of losses, dispersion and nonlinearity (see Fig. 2(c,f) ). 
Conclusion
We investigated both regimes of nonlinear femtosecond pulse propagation in all-solid photonic bandgap fiber, arising from PBG guiding in the central silica core and TIR in germanium doped inclusions, respectively. By taking advantage of both the spectral filtering and the presence of one ZDW induced by PBG guiding, we simultaneously reported both efficient supercontinuum generation and possible control of the generated spectral bandwidth. 
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